The major function of phase-II enzymes is the conjugation of endo-and xenobiotics or their metabolites with endogenous polar moieties to form water-soluble and excretable products. The desired property for the urinary and biliary excretion of metabolites is water solubility, which prevents passive diffusion through cell membranes and thus avoiding reabsorption. Sulfuric acid esters (sulfonates) are formed by enzymatic transfer of the sulfonate group (SO ÿ 3 ) to an oxygen, nitrogen, or sulfur atom forming sulfates, sulfamates, and thiosulfates, respectively (Glatt, 2000) . Sulfonation of an oxygen atom, which originally exists in a compound or endogenously introduced by a hydroxylation reaction, to produce sulfates is the most common sulfonation reaction in the body (Strott, 2002) . This reaction is catalyzed by a family of isozymes known as sulfotransferases (Sults) .
The pKa value of most sulfonate conjugates is less than 1, and therefore these molecules at physiological pH are always present in the dissociated water-soluble form (Glatt, 2000) . The introduction of a charged moiety to a compound not only dramatically increases their water solubility but also strongly hampers their passive diffusion through cell membranes. Consequently, sulfo-conjugates excreted into urine or bile cannot be passively reabsorbed into the blood stream, unless mediated by a carrier-mediated process. Sulfo-conjugation is also known to directly inactivate pharmacologically active molecules, such as steroid hormones, by preventing their binding to their cognate nuclear receptors (Strott, 2002) . Despite their role in inactivation and facilitating the excretion of compounds, sulfo-conjugation can result in the bioactivation of prodrugs to active metabolites, such as in the case of minoxidil (Buhl et al., 1990) . Sulfonation can also yield unstable electrophilic species, which are able of forming adducts with DNA, proteins, and other macromolecules, causing mutagenic and carcinogenic effects (Glatt et al., 1998) .
In order for sulfonation to occur, inorganic sulfate must be converted to a high-energy form prior to being transferred to an acceptor molecule. 3#-Phosphoadenosine 5#-phosphosulphate (PAPS) is the activated form of sulfate, which functions as the universal donor of the sulfate moiety. PAPS is biosynthesized in two steps: the first reaction is carried out by ATP sulphurylase and results in the formation of adenosine 5#-phosphosulphate (APS), and the second reaction is carried out by APS kinase and results in the formation of PAPS. The two reactions are performed by a single protein in mammals, which is named PAPS synthase (PAPSs) (Lipmann, 1958) . Two PAPSs isoenzymes have been cloned from humans and mice, namely, PAPSs1 and PAPSs2. The two isoenzymes differ in their tissue distribution and catalytic activity. PAPSs1 localizes to the nucleus, whereas PAPSs2 localizes to the cytoplasm, except for tissues where PAPSs1 is also expressed (Besset et al., 2000) . PAPSs2 has greater catalytic efficiency for PAPS synthesis than PAPSs1 (Fuda et al., 2002) .
Based on their subcellular localization, Sults can be classified into two main classes: cytosolic that exists as free proteins in the cytosol and membrane-associated proteins that are bound to the Golgi apparatus. Membrane-associated Sults are involved in post-translational modification of macromolecules, such as carbohydrates, lipids, and proteins. Substrates of this class include glycosaminoglycans, glycoproteins, sphingolipids, and tyrosine residues of proteins (Niehrs et al., 1994) . Cytosolic Sults are responsible for the sulfonation of small endogenous and exogenous compounds. Therefore, the cytosolic Sults represent the class relevant to xenobiotics metabolism and disposition.
Based on the amino acid sequence of known mammalian cytosolic Sults, Sults have been categorized into five families, the Sult1 (phenol sulfotransferases, PST), Sult2 (hydroxysteroid Sult), Sult3, Sult4, and Sult5 families. The Sult1 family consists of four subfamily members, 1a (phenol sulfotransferases, PSTs), 1b (dopamine/tyrosine or thyroid hormone Sult), 1c (hydroxylamine or acetylaminofluorene Sult), 1d, and 1e (estrogen Sult). The Sult2 family consists of 2a (dehydrepiandosterone, DHEA Sult) and 2b. Sult2b1 is involved in cholesterol sulfonation (Shimizu et al., 2003) . The Sult3 enzymes catalyze the formation of sulfamates, whereas Sult 4 and 5 families have not been adequately characterized. Despite their high sequence similarity, Sult isozymes differ markedly in their substrate specificity, inhibitor sensitivity, and regulation of expression (Yamazoe et al., 1994) .
In the present study, the tissue distribution, gender differences, and ontogenic expression of Sult1a1, 1b1, 1c1, 1c2, 1d1, 1e1, 2a1, 2b1, 3a1, 4a1, 5a1, PAPSs1 , and PAPSs2 in mice were determined. Most studies in the literature concerning the tissue distribution of Sults have been limited to a few tissues and were not quantitative. These previous studies have primarily been performed in rat and human tissues, with limited data available for mice. Therefore, in the present study, the relative distribution of the various Sults and PAPSs mRNA transcripts as well as the developmental changes in both male and female mice were evaluated. Understanding the tissue-specific expression patterns of Sults may help determine their contribution to the biotransformation of endo-and xenobiotics in various tissues. Furthermore, understanding gender differences and ontogeny of the expression of Sults may help determine the molecular basis for differences in drug disposition between male versus females and newborns versus adults.
MATERIALS AND METHODS
Animals. Eight-week-old male and female C57BL/6 mice were purchased from Charles River Laboratories Inc. (Wilmington, MA). Animals were housed in a temperature-, light-, and humidity-controlled environment. Mice were fed with Laboratory Rodent Chow W (Harlan Teklad, Madison, WI) ad libitum. Tissues were removed from five mice of each gender, frozen in liquid nitrogen, and stored at ÿ 80°C until mRNA isolation. For the ontogeny study, livers, kidneys, and duodenums from male and female mice were collected at ÿ 2, 0, 5, 10, 15, 22, 30, and 45 days of age (n ¼ 5/gender/age). Male and female pups were pooled at age ÿ 2 and 0 because it was difficult to differentiate their gender.
Total RNA isolation. Total RNA was isolated using RNA-Bee reagent (Tel-Test, Inc., Friendswood, TX) according to the manufacturer's protocol. Total RNA concentrations were determined spectrophotometrically at 260 nm. Solutions (1 lg/ll) were prepared from stock RNA solutions by dilution with diethyl pyrocarbonate-treated deionized water. Integrity of RNA samples was visualized under ultraviolet light by ethidium bromide fluorescence.
Branched DNA signal amplification analysis. The mRNA of each Sult in mouse tissues was quantified using the branched DNA (bDNA) signal amplification assay (Quantigene bDNA signal amplification kit; Bayer Corp., Emeryville, CA) with modifications. Gene sequences of interest were accessed from GenBank. Target sequences were analyzed using ProbeDesigner software v1.0 (Bayer Corp.) to design oligonucleotide probe sets (capture, label, and blocker probes). All probes were designed with a melting temperature of 63°C, enabling hybridization conditions to be held constant (i.e., 53°C) during each hybridization step. Each probe developed was submitted to the National Center of Biotechnology Information (Bethesda, MD) by basic local alignment search tool (BLASTn) to ensure minimal cross-reactivity with other known mouse sequences. Oligonucleotides with a high degree of similarity (> 80%) to other mouse gene transcripts were eliminated from the design. The sequences and functions of the probe sets are listed in Table 1 . The Sult2a1 and 2a2 isoforms are 96% similar; therefore, the probes designed do not differentiate between the two isoforms. It has been suggested that mouse Sult2a1 and 2a2 are alleles of the same gene. Therefore, our bDNA probe is referred to as Sult2a1/2. Sult2a2 is rarely referred to in the literature. Actually, we found many reports addressing Sult2a1 expression regulation using nonspecific primers or probes, which detect both Sult2a1 and 2a2, or using Sult2a2 primers and refer to it as Sult2a1.
Total RNA (1 lg/ll, 10 ll per well) was added to each well of a 96-well plate containing 50 ll of each diluted probe set. RNA was allowed to hybridize with the probe sets overnight at 53°C. Subsequent hybridization steps were carried out according to the manufacturer's protocol, and luminescence was quantified with a Quantiplex 320 bDNA luminometer interfaced with Quantiplex Data Management software v5.02. Data are presented as relative light units (RLU) per 10 lg of total RNA. Statistical analysis. Gender differences in mice were determined using Student's t-test with significance set at p 0.05. Bars represent mean ± SEM.
RESULTS

Tissue Distribution of Sults
Sult1a1 (phenol Sult) mRNA expression in mice was highest in large intestine, liver, and lung. It was expressed at lower levels in other tissues examined. Sult1a1 mRNA levels in female liver, kidney, and heart were higher than in male mice (Fig. 1) . Sult1b1 (dopamine/tyrosine Sult) mRNA was exclusively expressed in the digestive track (stomach, small intestine, and large intestine) (Fig. 1) . Sult1c1 (hydroxylamine Sult) mRNA was ubiquitously expressed in all mouse tissues examined except lung. Most of these tissues demonstrate gender bias in Sult1c1 mRNA expression, with higher expression SULFOTRANSFERASES TISSUE DISTRIBUTION AND ONTOGENY in males than females. The heart, however, had higher levels of Sult1c1 in female than male mice (Fig. 1 ). Sult1c2 mRNA expression in mice was predominant in stomach followed by kidney. Minimal levels of Sult1c2 mRNA were detected in most other tissues. Higher Sult1c2 mRNA expression was observed in female than male kidney, whereas higher expression was observed in male than female stomach (Fig. 1 ). Sult1d1 mRNA expression was highest in kidney and expressed in all other tissues except heart and brain. Livers obtained from female mice had higher expression of Sult1d1 mRNA than males (Fig. 1) . Sult1e1 (estrogen Sult) mRNA expression was highly expressed in testes of male mice and placenta and uterus of female mice (Fig. 1) .
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Sult2a1/2 (dehydroepiandosterone Sult) mRNA expression was almost exclusively detected in livers obtained from female mice with no expression in male livers. Lower levels of Sult2a1/2 mRNA were detected in brain, gonads, placenta, and uterus (Fig. 2) . Sult2b1 mRNA was predominantly expressed in small intestine, followed by lung and stomach of mice (Fig. 2) . Sult3a1 mRNA expression was highest in female liver and with low levels in male liver and in all other tissues examined (Fig. 2) . Sult4a1 mRNA expression was highest in brain, with fourfold higher levels of expression in females than males (Fig. 3) . Sult5a1 mRNA was ubiquitously expressed in all tissues examined except duodenum (Fig. 3) .
PAPSs1 mRNA was detected in all tissues examined except the liver (Fig. 4) . The highest levels of PAPSs1 expression were found in lung, kidney, and uterus. PAPSs2 mRNA expression was highest in duodenum and was not detected in brain, gonads, placenta, or uterus. PAPSs2 mRNA expression in liver and kidney was higher in female than male mice (Fig. 4 ).
Gender differences in tissue distribution. Sult1a1 mRNA levels in female liver, kidney, and heart were higher than in male mice (Fig. 1) . Higher Sult1c1 mRNA expression in males than females were observed in most tissues, except lung (no expression detected), large intestine, brain, and heart. The heart, however, had higher levels of Sult1c1 in female than male mice (Fig. 1 ). Higher Sult1c2 mRNA was expressed in female than male kidney, whereas higher expression was seen in male than in female stomach (Fig. 1) . Sult1d1, 2a1/2, and 3a1 mRNAs in liver were higher in female than male mice (Figs. 1-3 ). Sult4a1 mRNA expression was higher in female brain, whereas Sult5a1 was higher in male brain (Fig. 3) . PAPSs2 mRNA expression was higher in liver and kidney of female than in male mice (Fig. 4) .
Ontogeny of Sults
The developmental pattern of mRNA expression was investigated for Sult isozymes in tissues in which they have high expression in mice.
Sult1b1, 1c1, 1c2, 1e1, 4a1, 5a1, and PAPSs1 isozymes have low expression in liver. Therefore, the developmental changes in the hepatic mRNA expression were determined in pooled samples (five animals per sample) to determine whether the mRNA levels were higher at younger ages than in adults. Function refers to the utility of the oligonucleotide probe in the bDNA assay.
ALNOUTI AND KLAASSEN
The ontogeny of Sult1c1 and 1c2 demonstrated such a pattern; therefore, they were individually quantified. Sult1b1, 1e1, 4a1, 5a1, and PAPSs1 isozymes were all expressed at undetectable or very low levels in the liver before birth and throughout their postnatal development (data not shown).
Ontogeny in the liver. Sult1a1 mRNA was expressed at high levels in the liver of mice fetuses 2 days before birth. mRNA levels gradually increased until 22 days of age. Both male and female levels of Sult1a1 mRNA began to decline after 22 days of age but at much faster rates in males than females. Therefore, mRNA levels were higher in livers obtained from female than male mice by 30 or 45 days of age (Fig. 5 ). Sult1c1 had a unique ontogenic pattern, where hepatic mRNA levels were highest before birth and gradually declined after birth until they reached low levels by 30 days of age (Fig. 5 ).
Sult1c2 and 1d1 share similar ontogenic patterns. For these enzymes, mRNA expression in mice liver was very low or undetectable before birth and gradually increased until 10 or 15 days of age. After that, mRNA levels began to decrease in both genders, but at much faster rates in males, with gender differences in hepatic mRNA levels apparent by days 15 or 22 and remained lower in male mice (Fig. 5) .
FIG. 1.
Tissue distribution of Sult1a1, 1b1, 1c1, 1c2, 1d1, and 1e1 in male and female mice. Total RNA was isolated from approximately 8-week-old male and female mice and analyzed by the bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
FIG. 2.
Tissue distribution of Sult2a1/2 and 2b1 in male and female mice. Total RNA was isolated from approximately 8-week-old male and female mice and analyzed by the bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
FIG. 3.
Tissue distribution of Sult3a1, 4a1, and 5a1 in male and female mice. Total RNA was isolated from approximately 8-week-old male and female mice and analyzed by the bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
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The ontogenic pattern of Sult2a1/2 represents an unusual pattern, where mRNA levels were not detected at birth and then reached a peak at 15 days of age that is much higher than in adults. Livers of adult male mice do not express Sult2a1/2, in contrast to a moderate expression in adult female mice (Fig. 5) . Sult3a1 mRNA expression was very low in fetal livers and remained low until 30 days of age, when expression in females markedly increase, whereas it never increased in male mice (Fig. 5) .
PAPSs2 mRNA expression gradually increased until 15 days of age and then began to decline, but at a much faster rate in males than females. Therefore, mRNA levels were higher in livers obtained from female than male mice at 30 days of age and older (Fig. 5) .
Ontogeny in extrahepatic tissues (kidney, duodenum, and brain). Sult1b1 mRNA expression gradually increased in the duodenum of mice fetuses from 2 days before birth until 22 days of age, when mRNA levels began to decline in both males and females (Fig. 6) . Sult2b1 was expressed at high level in the duodenum of mice fetuses 2 days before birth and gradually increased until 45 days of age in both males and females (Fig. 6) .
Different ontogenic pattern of PAPSs2 was observed in duodenum than in liver. PAPSs2 was expressed at low levels in duodenum of mice fetuses 2 days before birth and remained low until 10 days of age, when mRNA levels began to increase in both males and females until 45 days of age (Fig. 6) .
In kidney, mRNA expression of Sult1c2 gradually increased in mice fetuses from before birth until 22 days of age. However, male levels of Sult1c2 mRNA began to decline after 22 days of age, whereas levels in females remained constant (Fig. 7) . Renal mRNA of Sult1d1 continuously increased in mice fetuses 2 days before birth until 45 days of age in both males and females (Fig. 7) . The highest expression of renal PAPSs1 was in mice fetuses 2 days before birth and remained unchanged until 15 days of age. After 15 days of age, mRNA levels decreased in both males and females (Fig. 7) . Sult4a1 in the brain share similar ontogenic pattern as Sult3a1 in the liver. In both enzymes, mRNA expression was very low in fetal livers and brains and remained low until 30 days of age, when expression in females dramatically increase, whereas it never increased in male mice (Fig. 8) .
FIG. 4.
Tissue distribution of for PAPSs1 and PAPSs2 in male and female mice. Total RNA was isolated from approximately 8-week-old male and female mice and analyzed by the bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
FIG. 5.
Hepatic ontogeny of Sult1a1, 1c1, 1c2, and 1d1 in male and female mice. Total RNA was isolated from livers of ÿ 2-, 0-, 5-, 10-, 22-, 30-, and 45-day-old mice and analyzed by bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
ALNOUTI AND KLAASSEN
DISCUSSION
Sults catalyze a major pathway of phase-II metabolism of numerous endo-and xenobiotics. Understanding the tissue distribution of Sult isozymes may help identifying their impact on organ-specific pharmacokinetics, pharmacological, and toxicological profiles of numerous substrates. Most studies in the literature concerning the tissue distribution of Sults have been limited to a few tissues and were not quantitative. These previous studies have primarily been performed in rat and human tissues, with limited data available for mice. The mouse is becoming a more common laboratory species because of the availability of the mouse genome sequence as well as transgenic and gene-knockout mice. Therefore, in the present study, we evaluated the relative distribution of the mRNA of Sults in 14 tissues in mice.
Sult1a1 plays essential roles in the metabolism and clearance of various xenobiotics, such as minoxidil and acetaminophen (Hehonah et al., 1999) . Sult1a1 has a broad substrate specificity (Chapman et al., 2004; Strott, 2002 ), yet it preferentially sulfonates simple planar phenols such as 4-nitrophenol (Glatt et al., 2001) . In humans, Sult1a1 mRNA is highest in liver of all the Sults (Dooley et al., 2000; Glatt and Meinl, 2004) . Sult1a1 is expressed in nearly every human extrahepatic tissue (Glatt and Meinl, 2004) , such as kidney, colon, brain, ovary, stomach, small intestine, adrenal gland, and lung (Dooley et al., 2000) . In male rats, Sult1a1 mRNA expression is highest in liver followed by lung, adrenal gland, brain, kidney, heart, testes, and intestine . Rat Sult1a1 protein is robustly expressed in livers of males and females from 20 days of age and thereafter . Sult1a1 is also detected in hair follicles in rats, where it may be involved in the sulfation and hair growth-stimulatory activity of minoxidil (Hirshey et al., 1992) . Canine Sult1a1 protein is highest in liver and colon, followed by kidney, lung, and small intestine (Tsoi et al., 2002) . In mice, Sult1a1 mRNA is detected in kidney, liver, lung, and heart but not in small intestine or spleen (Tamura et al., 1998) . The data from the present study demonstrate the expression of Sult1a1 mRNA in all tissues examined, with highest expression in large intestine, liver, and lung in mice. In all species studied, Sult1a1 is expressed in many tissues with highest expression in liver and intestine. The broad tissue expression pattern of Sult1a1 is consistent with a general defense role to efficiently sulfonate a broad range of substrates (Tsoi et al., 2002) .
FIG. 7.
Ontogeny of Sult1c2, 1d1, and PAPSs1 in kidney of male and female mice. Total RNA was isolated from livers of ÿ 2-, 0-, 5-, 10-, 22-, 30-, and 45-day-old mice and analyzed by bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
FIG. 6.
Ontogeny of Sult1b1, 2b1, and PAPSs2 in duodenum of male and female mice. Total RNA was isolated from livers of ÿ 2-, 0-, 5-, 10-, 22-, 30-, and 45-day-old mice and analyzed by bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
FIG. 8.
Ontogeny of Sult4a1 in brain of male and female mice. Total RNA was isolated from livers of ÿ 2-, 0-, 5-, 10-, 22-, 30-, and 45-day-old mice and analyzed by bDNA signal amplification assay for mRNA expression. The data are presented as mean RLU ± SEM (n ¼ 5). Asterisk represents a statistically significant difference ( p 0.05) between males and females.
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There is a gender difference in expression of Sult1a1 in liver, with higher mRNA levels in livers of female than male mice, which becomes apparent at about 45 days of age (Fig. 5) . It was also previously shown that Sult1a1 mRNA expression is higher in female spleen, liver, heart, and kidney than in male mice (Tamura et al., 1999) . In rats, Sult1a1 mRNA expression was reported to be sex independent, and Sult1a1 protein was also previously shown to be robustly expressed in livers of males and females at 20 days and 10 weeks of age . However, opposite gender differences in Sult1a1 was reported, where Sult1a1 activity and mRNA expression are about 150% higher in male than female rats Liu and Klaassen, 1996b) . Sult1a1 mRNA levels increase gradually in both male and female rats after birth until puberty and then decline more in female than in male rats (Liu and Klaassen, 1996b) . The mechanism underlying this gender difference in rats could neither be attributed to differences in the growth hormone release pattern nor to sex hormones . The difference in gender predominance of hepatic Sult1a1 mRNA expression between mice and rats represents an interesting difference between the two species. Further studies examining the promoter region in both species might identify different response elements responsible for the gender-and species-dependent regulation of Sult1a1.
Sult1b1 catalyzes the sulfo-conjugation of dopamine, tyrosine, and thyroid hormones (Saeki et al., 1998) . Dopamine and tyrosine are biosynthetic precursors of catecholamines that function as neurotransmitters in mammals; therefore, Sult1b1 is presumably important for normal functioning of the nervous system (Tamura et al., 1999) . The phenolic hydroxyl group of the thyroid hormones (T3 and T4) is subject to sulfoconjugation by different Sults, including Sult1a1, 1b1, 1c2, and 1e1. However, Sult1b1 has the highest affinity for catalyzing the sulfonation of thyroid hormones (Fujita et al., 1999) . The resulting sulfo-conjugates do not bind to nuclear receptors and therefore lack biological activity (Strott, 2002) . In humans, Sult1b1 mRNA and protein are reported to be highly expressed in colon, small intestine, spleen, leukocytes, and liver, with highest expression in colon (Wang et al., 1998) . Another study in humans reported highest Sult1b1 mRNA expression in stomach, small intestine, colon, liver, ovary, brain and very low in lung (Miki et al., 2002) . Also, in humans, the highest level of Sult1b1 protein was found in colon and small intestine, but it was also expressed in liver and leukocytes (Glatt and Meinl, 2004) . In rats, both Sult1b1 protein and mRNA are highest in liver followed by kidney but not expressed in any other tissue including intestine (Araki et al., 1997) . Previous data from this laboratory, however, reported high expression of Sult1b1 mRNA in small intestine of rats as well as in liver and kidney .
There are gender differences in the mRNA expression of Sult1b1 in livers of rats (Dunn et al., 1999) . The ontogenic expression pattern of Sult1b1 in rat liver reveals some gender differences before adulthood (Dunn et al., 1999) . In mice, Sult1b1 mRNA was reported to be exclusively expressed in liver (Saeki et al., 1998) ; however, others have reported expression of Sult1b1 mRNA exclusively in mouse intestine (Tamura et al., 1999) . In this current report, Sult1b1 mRNA was expressed mainly in stomach and small and large intestines of mice (Fig. 1) . The ontogenic pattern of Sult1b1 was studied in rats (Dunn et al., 1999) . Sult1b1 mRNA expression was low in mice livers until 15 days of age, followed by a dramatic increase between 15 and 30 days of age. After that, Sult1b1 mRNA expression in males began to decline and in females remained constant with no gender difference (Dunn et al., 1999) . In this current report, there was no gender difference in any of the tissues examined. mRNA levels of Sult1b1 were similar in both male and female in duodenums of mice fetuses and remained similar thereafter (Fig. 6) . Therefore, it appears that Sult1b1 is most highly expressed in the intestine of humans, mice, and rats, with no gender difference in expression. This pattern of expression agrees with the suggested role of Sult1b1 of catalyzing the sulfonation of phenolic food constituents in the intestine to detoxify them and accelerate their excretion, as a critical part of the body's defense against potentially harmful compounds (Tamura et al., 1999) .
Sult1c substrates include 4-nitrophenol, dopamine, and Nhydroxy-2-acetylaminofluorene (N-OH-2AAF) (Chapman et al., 2004; Hehonah et al., 1999) . In humans, Sult1c1 mRNA is detected in kidney, liver, ovary, stomach, and colorectum (Dooley et al., 2000) . In rats, Sult1c1 mRNA expression is mainly in liver, with very low or no expression in kidney, spleen, lung, colon, intestine, or brain Nagata et al., 1993) . In a study using mice, Sult1c1 mRNA was only detected in olfactory tissues and was not detected in kidney, intestine, liver, spleen, lung, brain, or heart (Tamura et al., 1998) . The data in the present study illustrate an ubiquitous expression of Sult1c1 mRNA in all mouse tissues examined, with highest expression in gonads (Fig. 1) .
Sult1c1 mRNA levels were previously reported to be higher in livers of male than female rats, where mRNA expression increased markedly at puberty in male rats but remained low in female rats Liu and Klaassen, 1996b) . Also, Sult1c1 mRNA was detected in livers of both male and female rats at 1 day of age and then decreased to undetectable levels at 7 days of age. Hepatic levels of 1c1 mRNA then increased at more rapid rates in male than female rats and achieved maximum levels at 9 weeks of age with much higher levels in males than females . The current data demonstrate in mice a different ontogenic pattern of Sult1c1 mRNA expression, where mRNA levels were highest in livers from mice fetuses 2 days before birth and decreased gradually thereafter (Fig. 5) . However, in agreement with other studies in rats, the current study also demonstrates higher Sult1c1 mRNA expression in male than female tissues in mice (Fig. 1) . It has been shown that the susceptibility to N-OH-2AAF carcinogenicity in different species parallels the ability of their livers to form the sulfo-conjugate metabolite (DeBaun 250 ALNOUTI AND KLAASSEN et al., 1968) . Mice, hamsters, and female rats develop tumors more slowly than male rats, when exposed to this carcinogen. Due to this gender difference in Sult1c1 expression, male rats form more sulfo-conjugates of N-OH-2AAF, which causes more tumors in male than female rats (DeBaun et al., 1970) . The gender difference in susceptibility to N-OH-2AAF carcinogenicity in mice has not been performed, but it was shown that N-OH-2AAF is metabolized to its sulfo-conjugate and induces tumor formation in male mice (Lai et al., 1987) . We expect a gender difference in N-OH-2AAF carcinogenicity in mice due to the predominant expression of Sult1c1 in male over female mice livers.
In adult humans, Sult1c2 mRNA is reported to be only expressed in kidney, stomach, and thyroid gland (Her et al., 1997) . However, Sult1c2 mRNA is detected in both kidneys and livers from human fetuses (Her et al., 1997) . In rats, Sult1c2 mRNA and protein are highly expressed in kidney, followed by stomach and liver (Xiangrong et al., 2000) . In rabbits, Sult1c2 protein is highly expressed in large intestine, kidney, and stomach; moderately expressed in duodenum; and very weakly expressed in ileum, jejunum, liver, and lung (Hehonah et al., 1999) . In mice, Sult1c2 mRNA expression was reported to be limited to kidney and stomach (Sugimura et al., 2002) . Sult1c2 mRNA was not expressed in brain, heart, liver, lung, skeletal muscle, skin, small intestine, spleen, testis, or thymus. However, large intestine was not examined (Sugimura et al., 2002) . Sult1c2 protein was demonstrated to be expressed only in stomach and kidney of mice (Xiangrong et al., 2000) . In agreement with previous reports, the data in this article show predominant expression of Sult1c2 mRNA in stomach and kidney of mice (Fig. 1) . Therefore, it can be concluded that kidney and stomach are the major organs of Sult1c2 expression in humans, rabbits, rats, and mice.
Sult1c2 mRNA levels were undetectable in livers obtained from fetuses 2 days before birth, but they gradually increased after birth to reach a maximum at 15 days and then decreased much more rapidly in male than female mice, resulting in higher mRNA levels in females 15 days after birth and remained higher thereafter (Fig. 5) . Renal Sult1c2 mRNA was expressed at high levels in fetuses 2 days before birth and remained constant after birth until 10 days, when mRNA levels began to increase. However, 22 days after birth, mRNA levels began to decline in male kidneys, whereas female levels remained constant (Fig. 7) . Sult1d1 has high substrate specificity for catecholamines, such as serotonin and dopamine, and 4-nitrophenol (Nagata and Yamazoe, 2000) . 3,4-Dihydroxyphenylacetic acid is a selective substrate for Sult1d1 (Eisenhofer et al., 1999; Shimada et al., 2004) . In dogs, the highest expression of Sult1d1 protein was detected in colon and kidney, followed by small intestine, liver, and lung (Tsoi et al., 2001) . Livers from female dogs expressed higher levels of Sult1d1 protein than males (Tsoi et al., 2001) . In mice, Sult1d1 mRNA was predominantly expressed in kidney, followed by uterus and liver . Sult1d1 protein was detected in liver, lung, uterus, and kidney but not in brain of mice, with the highest levels in kidney (only tissues studied) (Shimada et al., 2004) . Hepatic Sult1d1 protein was higher in livers of male than female mice (Shimada et al., 2004) . Immunohistochemical studies detected Sult1d1 in proximal and distal tubules, as well as in collecting ducts, the same localization of the organic cation transporter (Oct2). Because catecholamines, such as dopamine and norepinephrine, are excreted in urine as sulfates in human, rats, and mice, it was suggested that Oct2 transports dopamine into proximal tubules by Oct2, where it is then sulfated by Sult1d1 (Shimada et al., 2004) , which is abundantly expressed in kidney. The current data also demonstrate the highest expression of Sult1d1 in kidneys of mice, but it was also expressed in all other tissues, except heart and brain (Fig. 1) . The hepatic mRNA expression of Sult1d1 was predominant in females, and this gender difference did not appear until 30 days of age (Fig. 5) . However, there was no gender difference in renal mRNA expression at any age (Fig. 7 ). Sult1d1 appears to be highest expressed in kidney and intestine of humans, dogs, rats, and mice, and female predominant in liver.
Sult1e1 sulfonates a variety of estrogens, including the drug diethinyl estradiol (Falany et al., 1995) . Estrogen plays important roles in both female and male reproductive tissues, bone, liver, and central nervous system (Miki et al., 2002) . The inactive estrogen sulfate is a predominant form of estrogen in blood, urine, and milk (Miki et al., 2002) . Sult1e1 has the highest affinity for estrogen and is therefore termed estrogen Sult. Sult1e1 and the sulfatase enzymes are responsible for determining the ratio of the active free estrogen to the inactive estrogen sulfate in local tissue environments. Sult1e1 activity in normal breast cells is much higher than that in breast cancer cells. Sult1e1 in normal breast tissues serves an important role in inhibiting excessive estrogenic action and therefore protecting the tissue from cancer (Miki et al., 2002) .
The tissue distribution of Sult1e1 appears to be species specific. For example, Sult1e1 mRNA could be detected only in livers of young mature male rats but not in testes (placenta was not examined) Klaassen et al., 1998; Liu and Klaassen, 1996b) , whereas in guinea pigs, Sult1e1 mRNA expression and activity were predominant in the adrenal gland, and very low levels were detected in testes, ovary, liver, placenta, and uterus (Hobkirk and Glasier, 1992; Oeda et al., 1992) . In C57BL/KsJ mice, Sult1e1 mRNA expression was exclusive to testis (placenta was not examined) (Song et al., 1995) . In CD-1 mice, Sult1e1 activity was predominant in testis, and lower levels were detected in placenta and uterus (Hobkirk and Glasier, 1992) . In humans, Sult1e1 mRNA was detected in liver, small intestine, adrenal, and leukocytes, but not in testes or placenta (Her et al., 1996) . Another study, however, detected the expression of Sult1e1 mRNA in 24 human tissues, including testes, placenta, liver, kidney, lung, adrenal, and intestine (Miki et al., 2002) . Sult1e1 protein was also detected in liver, jejunum, and endometrium in humans (Falany et al., 1995; Forbes-Bamforth and Coughtrie, SULFOTRANSFERASES TISSUE DISTRIBUTION AND ONTOGENY 251 1994) . Sult1e1 activity was found in both male and female human reproductive tissues, liver, kidney, brain, and adrenal cortex (Hobkirk, 1985) . In human fetuses, however, Sult1e1 mRNA was highly expressed in kidney, liver, lung, and intestine (testes were not examined) (Her et al., 1996; Miki et al., 2002) . The data in the present study demonstrate that Sult1e1 mRNA expression is predominant in testes and placenta of mice (Fig. 1) . Despite the apparent differences in the tissue distribution pattern of Sult1e1 among species, it can be concluded that Sult1e1 is mainly expressed in male and female sex organs as well as placenta.
Sult2a1 has a broad substrate specificity, including DHEA, bile acids, pregnenolone, testosterone, estradiol, and estrone. In humans, Sult2a1 mRNA is exclusively expressed in liver and intestine (Otterness et al., 1995) . However, human data from another study reported high expression of Sult2a1 mRNA in adrenal, colon, ovary, prostate, small intestine, stomach, and liver and lower expression in kidney, brain, placenta, spleen, and bone marrow (Dooley et al., 2000; Javitt et al., 2001) . In human fetuses, Sult2a1 protein was detected by immunohistochemistry in adrenal cortex, liver, testis, and intestine; weakly detected in kidney; and was not detected in lung, brain, heart, stomach, skeletal muscle, pancreas, and spleen (Parker et al., 1994) . The fetal adrenal gland produces large amounts of DHEA sulfate to support placental estrogen biosynthesis, which is reflected by the high levels of Sult2a1 expression in fetal adrenal gland (Coughtrie, 2002) .
In female rats, Sult2a1 mRNA expression was exclusive to liver and adrenal . Hepatic Sult2a1 mRNA is female predominant in rats (Chatterjee et al., 1987; Dunn and Klaassen, 1998; Runge-Morris and Wilusz, 1991) . Treatment with dihydrotestosterone downregulates Sult2a1 expression in rats (Demyan et al., 1992) . Also, hepatic Sult2a1 is upregulated in testicular feminized male mice (Chatterjee et al., 1987; Demyan et al., 1992) . These mice lack a functional androgen receptor and therefore are insensitive to androgens due to a frameshift mutation, which results in a premature stop codon (He et al., 1994) .
Sult2a1 is a senescence enzyme as mRNA levels are very low in livers obtained from male rats at 6, 12, and 18 months of age; however, mRNA levels dramatically increase at 24 and 27 months of age (Echchgadda et al., 2004) . Another study reported the presence of Sult2a1 mRNA expression in livers obtained from 1-to 26-month-old male rats and the absence of expression in those obtained from 3-month-old rats (Demyan et al., 1992) .
Similar age-and sex-dependent expression patterns of Sult2a1 have been reported for mice. Sult2a1 mRNA expression is high in livers obtained from female mice, whereas undetectable in male mice (Wu et al., 2001) . Hepatic activity of Sult2a1 in female mice is 70-fold higher than in male mice (Borthwick et al., 1995) . In whole mouse embryos, Sult2a1 mRNA is undetectable and does not appear until day E19 (Shimizu et al., 2003) .
The present data demonstrate similar patterns of tissue distribution and gender-and age-dependent expression of Sult2a1/2 in mice as previously reported. Sult2a1/2 mRNA expression was almost exclusive to livers from female mice (Fig. 2) . Sult2a1/2 mRNA was not detected in livers obtained from mice fetuses 2 days before birth but gradually increased after birth in both genders until it reached a maximum 15 days after birth. After that, mRNA levels in the female livers decreased, whereas it completely disappeared in males (Fig. 5) . A very similar ontogenic pattern in hepatic Sult2a1 mRNA expression was previously reported in rats Liu and Klaassen, 1996a) . However, the decrease in Sult2a1 mRNA expression in male rats was not as marked and therefore remains detectable in livers of adult male rats . Therefore, it can be concluded that Sult2a1 is a senescence enzyme in both rats and mice, where hepatic Sult2a1 expression dramatically increases during adolescence and starts declining with rising androgen levels during puberty. However, Sult2a1 expression increases again later in life with the diminishment of androgen levels that accompanies senescence.
As a member of the Sult2 family, Sult2b substrates overlap with some Sult2a substrates. Sult2b1 substrates include cholesterol and pregnenolone. Sult2b1 does not sulfonate bile acids, DHEA, or estradiol, whereas Sult2a1 does not sulfonate cholesterol (Strott, 2002) . In humans, Sult2b1 mRNA was detected in small intestine, placenta, colon, spleen, ovary, uterus, and prostate and was not detected in any fetal tissue (Geese and Raftogianis, 2001 ). Additionally, data from human tissues indicate that Sult2b1 mRNA is most prominent in small intestine, colon, stomach, lung, kidney, placenta, prostate, skin, thymus, and thyroid (Javitt et al., 2001) . In mice, Sult2b1 mRNA is highly expressed in small intestine and skin, followed by skeletal muscle, prostate, lung, and spleen. Tissues including brain, heart, kidney, liver, stomach, testes, and uterus have barely detectable levels of expression (Shimizu et al., 2003) . Another study in mice reported highest Sult2b1 mRNA expression in small intestine and epididymis, followed by uterus . The data in this article demonstrate predominant expression of Sult2b1 mRNA in mice small intestine, followed by stomach and lung (Fig. 2) . Furthermore, Sult2b1 is expressed at high levels in the duodenum of fetuses and gradually increased after birth with no gender difference at any age (Fig. 6) . Therefore, small intestine appears to be the tissue of highest Sult2b1 expression in humans, rats, and mice.
There are no previous reports of Sult3a1 tissue distribution in rats, humans, or mice. The current data represent the first report of the tissue distribution of this Sult in mice. Sult3a1 was originally isolated and characterized from rabbit liver. Sult3a1 was the only Sult isozyme that predominantly catalyzes N-sulfonation, rather than O-sulfonation. Phenyl tetrahydropyridine, a potent neurotoxin that induces neurodegenerative diseases, was identified as the best substrate for 252 ALNOUTI AND KLAASSEN Sult3a1 (Yoshinari et al., 1998) . Sult3a1 mRNA expression is predominant in livers from female mice and is expressed at very low levels in all other tissues examined (Fig. 3) . Sult3a1 mRNA levels were very low in livers obtained from fetuses 2 days before birth and remained low until day 30, when levels of Sult3a1 markedly increased in female mice and male levels remained low (Fig. 5) .
In humans and rats, Sult4a1 mRNA is exclusively expressed in brain (cerebellum, hypothalamus, cerebrum, and medulla), with higher levels in male than female rats (Falany et al., 2000; Sakakibara et al., 2002) . In mice, Sult4a1 mRNA and protein are expressed exclusively in brain and not detected in liver, lung, kidney, uterus, intestine, adrenal, thymus, spleen, testes, stomach, ovary, or heart (Sakakibara et al., 2002) . In agreement with the previous reports, the data in this study demonstrate the exclusive expression of Sult4a1 mRNA in brain, with much higher levels in female than male mice (Fig. 3) . The selective expression of Sult4a1 in brain of three species suggests an important role for this protein in the central nervous system, which yet has to be investigated by understanding the substrate specificity of this Sult isozyme.
The developmental changes of Sult4a1 expression in the brain are studied here for the first time. Sult4a1 mRNA levels were very low in brains obtained from fetuses 2 days before birth and remained low until day 30, when Sult3a1 markedly increased in female mice and male levels remained low (Fig. 8) .
There are no previous reports of Sult5a1 tissue distribution in rats, humans, or mice. The current data represent the first report of the tissue distribution of Sult5a1 in mice. Sult5a1 mRNA was ubiquitously expressed in all tissues examined except stomach (Fig. 3) .
PAPS is the universal donor of the sulfonate group, which is used by Sults to catalyze the sulfo-conjugation of substrates. PAPS is formed from dietary inorganic sulfate and ATP by the action of two enzymes, ATP sulfurylase and APS kinase. In mammals, the two enzyme activities are contained within one bifunctional protein, termed PAPSs. Two PAPSs isoenzymes have been cloned from humans and mice, namely, PAPSs1 and PAPSs2. The two isoenzymes differ in their tissue distribution and catalytic activity. PAPSs1 localizes to the nucleus, whereas PAPSs2 localizes to the cytoplasm, except for tissues where PAPSs1 is also expressed (Besset et al., 2000) . PAPSs2 has greater catalytic efficiency for PAPS synthesis than PAPSs1 (Fuda et al., 2002) . A nonsense mutation in the PAPSs2 gene causes a recessive dwarfing syndrome in mice (bradychymorphism) and humans (spondyloepimetaphyseal dysplasia) (ul Haque et al., 1998) . This cartilage-specific defect occurs in spite of coexpression of PAPSs1 in the cartilaginous tissues (Fuda et al., 2002) . Also, there are other genetic disorders caused by mutations in transporters involved in the cellular uptake of inorganic sulfate, causing undersulfation of cartilaginous proteoglycans (Strott, 2002) .
In humans, PAPSs1 mRNA was detected in 15 tissues but not in liver (Fuda et al., 2002; Girard et al., 1998) . PAPSs2, however, was detected in liver as well as all other tissues, except for brain (Fuda et al., 2002) . In another study, PAPSs1 mRNA was detected in 22 different human tissues but not in liver and skeletal muscle. PAPSs2, however, was highest in liver and detected in most tissues (Xu et al., 2000) . The current data obtained from mice are similar to human data. PAPSs1 mRNA was detected in all mice tissues examined except liver (Fig. 4) . PAPSs2, however, was abundantly expressed in mouse gastrointestinal tract, kidney, and liver but was not expressed in heart, brain, gonad, placenta, and uterus (Fig. 4) . Therefore, it appears that PAPSs1 is not expressed in liver; however, PAPSs2 is expressed in livers of both humans and mice.
The mRNA expression of PAPSs1 was high in duodenum before birth and remained the same until 22 days of age, when mRNA levels began to decline (Fig. 6 ). Hepatic and renal PAPSs2 expression was female predominant in mice. PAPSs2 mRNA was expressed in livers obtained from mice 2 days before birth and remained essentially the same with age. The gender difference in hepatic PAPSs2 mRNA expression does not appear until 30 days of age (Fig. 5) . However, in duodenum, PAPSs2 mRNA was expressed at very low levels until 10 days after birth, when mRNA levels began to increase equally in both males and females (Fig. 6) .
In summary, the present data demonstrate the tissue distribution of 11 Sults and 2 PAPSs mRNAs in 14 tissues of mice. Developmental changes in hepatic mRNA expression were also determined. Sult2a1/2 and 3a1 expression are highest in liver; Sult1b1, 2b1, and PAPSs2 in small intestine; Sult1a1 in large intestine; Sult1c2 in stomach; Sult1d1 in kidney; Sult1e1 in placenta; and Sult4a1 in brain; whereas Sult1c1, 5a1, and PAPSs1 are ubiquitously expressed. Sult isozymes demonstrate different patterns of ontogenic expression. Sult1a1, 1c2, 1d1, 2a1/2, and PAPSs2 hepatic expression gradually increase until about 3 weeks after birth and decline thereafter. Sult1c1 expression is highest before birth and decline thereafter. However, Sult3a1 mRNA expression was very low in fetal livers and remained low until 30 days of age, when expression in females markedly increased but not in males.
